In this study we examined the body composition at onset of puberty in intrauterine growth retarded (IUGR), postnatal food restricted (FR), and control male and female rats. IUGR was induced by ligation of the uterine artery on d 17 of gestation and FR by litter enlargement to 20 pups per mother from d 2 after birth until weaning (d 24). We defined onset of puberty as balanopreputial separation in male rats and vaginal opening in female rats. We calculated body mass index, measured body composition with dual-energy x-ray absorptiometry, and measured leptin concentrations in serum. It was reported previously that early malnutrition, either during late gestation or immediately postnatally, results in a delayed onset of puberty in IUGR and FR male rats and in IUGR female rats, but not in FR female rats. In IUGR male rats at balanopreputial separation and in IUGR female rats at vaginal opening no differences were found in body mass index, body composition, and leptin levels compared with controls. FR male rats had a significantly lower percentage of fat and serum leptin concentrations at balanopreputial separation. FR female rats had a significantly lower body mass index, percentage of fat, and serum leptin concentrations at vaginal opening. We conclude that the onset of puberty in the rat is not dependent on a certain percentage of body fat or a certain threshold of circulating levels of leptin and that food deprivation With limited food supply, animals are forced to set priorities. Shutting off reproductive function during times of food scarcity may be desirable for the survival of a species (1-3). In 1996 Wade et al. (2) noticed that nutritional infertility is particularly observed in females, which is not surprising. A complete reproductive cycle of ovulation, conception, pregnancy, and lactation is one of the most energy-consuming activities that a female mammal can undertake, particularly in species that bear multiple young. In female rats food deprivation simply disrupts the sequential secretion of estradiol and progesterone necessary to induce estrous behavior (2), and reproduction can be resumed when energetic conditions improve. In male rats acute underfeeding stops reproduction by suppressing androgen production and sexual behavior, rather than by suppressing spermatogenesis, as the former could be restored faster than the latter after food supplies are resumed (3). In the studies mentioned above the circumstances of acute malnutrition are discussed. In our study we investigated the consequences of perinatal food deprivation on the process of sexual maturation with respect to body composition and leptin in later life.
In this study we examined the body composition at onset of puberty in intrauterine growth retarded (IUGR), postnatal food restricted (FR), and control male and female rats. IUGR was induced by ligation of the uterine artery on d 17 of gestation and FR by litter enlargement to 20 pups per mother from d 2 after birth until weaning (d 24). We defined onset of puberty as balanopreputial separation in male rats and vaginal opening in female rats. We calculated body mass index, measured body composition with dual-energy x-ray absorptiometry, and measured leptin concentrations in serum. It was reported previously that early malnutrition, either during late gestation or immediately postnatally, results in a delayed onset of puberty in IUGR and FR male rats and in IUGR female rats, but not in FR female rats. In IUGR male rats at balanopreputial separation and in IUGR female rats at vaginal opening no differences were found in body mass index, body composition, and leptin levels compared with controls. FR male rats had a significantly lower percentage of fat and serum leptin concentrations at balanopreputial separation. FR female rats had a significantly lower body mass index, percentage of fat, and serum leptin concentrations at vaginal opening. We conclude that the onset of puberty in the rat is not dependent on a certain percentage of body fat or a certain threshold of circulating levels of leptin and that food deprivation during different "critical" time periods around birth results in different effects in later life. With limited food supply, animals are forced to set priorities. Shutting off reproductive function during times of food scarcity may be desirable for the survival of a species (1-3). In 1996 Wade et al. (2) noticed that nutritional infertility is particularly observed in females, which is not surprising. A complete reproductive cycle of ovulation, conception, pregnancy, and lactation is one of the most energy-consuming activities that a female mammal can undertake, particularly in species that bear multiple young. In female rats food deprivation simply disrupts the sequential secretion of estradiol and progesterone necessary to induce estrous behavior (2) , and reproduction can be resumed when energetic conditions improve. In male rats acute underfeeding stops reproduction by suppressing androgen production and sexual behavior, rather than by suppressing spermatogenesis, as the former could be restored faster than the latter after food supplies are resumed (3) . In the studies mentioned above the circumstances of acute malnutrition are discussed. In our study we investigated the consequences of perinatal food deprivation on the process of sexual maturation with respect to body composition and leptin in later life.
In an earlier study we showed that prenatal or postnatal malnutrition affects the onset of puberty in both male and female rats. We are aware that the pubertal development starts soon after weaning, but BPS in the male rat and VO in the female rat are the first visual signs during this development. Therefore we used these external signs as measures of onset of puberty, which are commonly used in literature. The male rats in both malnourished models had a significantly delayed BPS, and the female IUGR rats had a significantly delayed VO, although the female FR rats had VO at a similar age as controls. Weight at onset of puberty did not seem to play a critical role in the process of sexual maturation (4). Frisch et al. (5) and Frisch (6) hypothesized that, more than weight, an appropriate body composition or a certain percentage of fat is needed to start puberty in rats. It might be sensible that a low percentage of fat will delay an important event such as puberty and the start of the fertile period until the body is ready for it. The metabolic pathway to link body fat stores with the neuroendocrine reproductive system was unclear until the discovery of leptin, which may represent the long-sought metabolic signal that triggers puberty (7) (8) (9) (10) . In view of that point, body composition may still be an important determinant for reproductive ability. In this study we examined at onset of puberty the body composition in male and female rats, which were undernourished by IUGR or early postnatal food deprivation, to investigate the influence of body fat mass on pubertal development. We used BMI as a measure of the body fat mass. DXA, which has emerged as an excellent noninvasive technique for measuring bone, fat, and lean tissue in the rat (11) , was used to measure fat and lean tissue mass, and leptin analyses were performed in serum. FR rats. Postnatal FR was achieved by litter enlargement to 20 pups per mother from d 2 after birth until weaning, which is in our laboratory d 24, i.e. a period of 22 d.
METHODS

IUGR rats. IUGR was induced by
Onset of puberty. After weaning at d 24, males and females were separated. Respectively two males and three females were kept per cage with ad libitum food and water. From d 40 onward, the males were inspected daily for BPS to assess onset of puberty, defined as age in days at which BPS occurred. From d 30 onward, the females were inspected daily for VO to assess onset of puberty, defined as age in days at which VO occurred. At BPS and VO, body weight, total length, and tail length (tip of tail to anus) were recorded, body length was calculated (total length minus tail length), and the rats were killed with an i.p. pentobarbital sodium injection at 1000 h. Blood, collected via cardiac puncture, was centrifuged, and serum was stored at Ϫ20°C until assayed for leptin.
Measurements. BMI was calculated by dividing body weight (grams) by body length squared (square centimeters). Body composition was measured with DXA (QDR 2000, Hologic, Waltham, MA, U.S.A.), using the small animal software package. This software provides data on total body fat mass, total body lean soft tissue mass, and total body bone mineral content. In advance, the application of the software in very young animals had been validated (13) .
Hormone determinations. Serum leptin concentrations were measured by an RIA special for rats (Mediagnost, Tuebingen, Germany). Values are reported in nanograms per milliliter of serum. All the samples were analyzed within one run. The intraassay coefficient of variation was 5% for levels between 0.2 and 0.5 ng/mL.
For all experiments, approval was obtained from the Animal Welfare Committee (DEC) of the Vrije Universiteit of Amsterdam.
Statistical analysis. Data are expressed as mean Ϯ SD. Statistical analyses were performed using one-way ANOVA, followed by Dunnett's test for multiple comparison of the two treatment groups with the control. Statistical significance was defined as p Ͻ 0.05.
RESULTS
Male IUGR and FR rats at onset of puberty. At onset of puberty body weight did not differ between IUGR rats (n ϭ 10, 177.5 Ϯ 14.3 g, mean Ϯ SD) and controls (n ϭ 12, 187.6 Ϯ 10.3 g), but body weight in FR rats (n ϭ 16, 176.4 Ϯ 11.6 g) was significantly lower compared with controls (p Ͻ 0.05). Figure 1A shows BMI in IUGR, FR, and control male rats. BMI was not different among the two growth-retarded groups and control rats: IUGR, 0.5270 Ϯ 0.038 g/cm 2 ; FR, 0.5386 Ϯ 0.025 g/cm 2 ; and controls, 0.5341 Ϯ 0.035 g/cm 2 . The absolute fat mass did not differ between IUGR rats (20.62 Ϯ 3.9 g) and controls (22.77 Ϯ 3.9 g), but was significantly lower in FR rats (18.62 Ϯ 3.4 g) compared with controls (p Ͻ 0.05, Fig. 2A) . No difference was seen in percentage of fat between IUGR rats (11.55 Ϯ 1.6%) and controls (12.15 Ϯ 1.9%), but the percentage of fat was significantly lower in FR rats (10.54 Ϯ 1.7%) compared with controls (p Ͻ 0.05, Fig. 2B ). The percentage of lean mass (Fig. 2C) did not differ between the IUGR rats (78.92 Ϯ 1.6%) and controls (77.61 Ϯ 2.0%), but was significantly higher in FR rats (80.25 Ϯ 1.6%) compared with controls (p Ͻ 0.01). Serum leptin concentrations (Fig. 1B) did not differ between IUGR rats (n ϭ 6, 3.0 Ϯ 1.2 ng/mL) and controls (n ϭ 8, 3.0 Ϯ 1.0 ng/mL), but leptin concentrations were significantly decreased in the FR rats (n ϭ 13, 2.1 Ϯ 0.7 ng/mL) compared with controls (p Ͻ 0.05). Leptin levels expressed as concentration per gram fat mass (Fig. 1C) did not differ between IUGR rats (0.14 Ϯ 0.04 ng/g fat mass) and controls (0.13 Ϯ 0.03 ng/g fat mass) and between FR rats (0.12 Ϯ 0.03 ng/g fat mass) and controls.
Female IUGR and FR rats at onset of puberty. At onset of puberty body weight was significantly lower in IUGR rats (n ϭ 18, 108.5 Ϯ 12.8 g, p Ͻ 0.01) and in FR rats (n ϭ 9, 83.7 Ϯ 8.1 g, p Ͻ 0.01) compared with controls (n ϭ 13, 123.6 Ϯ 11.3 g). Figure 1A shows BMI in the female rats. No difference was seen in BMI between IUGR rats (0.4616 Ϯ 0.018 g/cm 2 ) and controls (0.4774 Ϯ 0.027 g/cm 2 ), but BMI was significantly decreased in FR rats (0.4038 Ϯ 0.025 g/cm 2 ) compared with controls (p Ͻ 0.01). The total fat mass ( Fig. 2A) was significantly lower in IUGR rats (13.07 Ϯ 2. (Fig. 2B) was not different between IUGR rats (12.01 Ϯ 1.4%) and controls (12.39 Ϯ 1.6%), but was significantly lower in FR rats (9.67 Ϯ 1.2%) compared with controls (p Ͻ 0.01). The percentage of lean mass (Fig. 2C ) was similar in IUGR rats (77.56 Ϯ 1.5%) and controls (76.99 Ϯ 1.7%), but was significantly higher in FR rats (78.84 Ϯ 1.0%) compared with controls (p Ͻ 0.05). Serum leptin concentrations (Fig. 1B) did not differ between IUGR rats (n ϭ 15, 2.2 Ϯ 1.2 ng/mL) and controls (n ϭ 10, 2.5 Ϯ 1.0 ng/mL), but were significantly lower in the FR rats (n ϭ 9, 1.4 Ϯ 0.4 ng/mL) compared with controls (p Ͻ 0.05). Leptin levels expressed as concentration per gram fat mass (Fig. 1C) did not differ between IUGR rats (0.17 Ϯ 0.06 ng/g fat mass) and control rats (0.14 Ϯ 0.06 ng/g fat mass) and between FR rats (0.17 Ϯ 0.03 ng/g fat mass) and controls.
DISCUSSION
In the present study we focused on the body composition in growth-retarded rats at onset of puberty. In general BMI is an easily obtainable, widely accepted measurement in human studies, showing correlations with percentage body fat (14 -16), absolute fat mass (17) , lean body mass (15) , and serum leptin (14, 16, 17) . In rats only a correlation between BMI and leptin was reported (14) . In this study we used DXA, which could give us not only more insight into body composition at onset of puberty in these growth-retarded rats, but also an answer to the question of whether a certain percentage of fat is needed to start puberty.
IUGR male and female rats. At onset of puberty we did not find differences in BMI and body composition in IUGR male and female rats compared with controls. We therefore believe that in IUGR rats the normal nutritional circumstances and metabolic conditions postnatally lead to normal body composition at onset of puberty. The onset of puberty was delayed in both male and female IUGR rats compared with controls (4), and in female IUGR rats body weight and absolute amounts of fat tissue were significantly decreased compared with controls. However, the percentage of fat in the IUGR female rats did not differ from the controls. These results may confirm the hypothesis of Frisch et al. (5) and Frisch (6) that a certain percentage of fat is needed to start puberty, although no other data exist that support a causal relationship between body fat content and fertility (1) . In contrast with Frisch, Glass et al. (18) have shown that accumulation of body fat merely accompanies sexual maturation in rats and that no critical level in percentage of body fat is needed to trigger puberty in the rat.
The circulating levels of the hormone leptin, which is secreted by the adipose tissue and especially acts in the brain, might represent the relationship between fat stores and the endocrine reproductive processes in the brain. In the IUGR male and female rats serum leptin concentrations did not differ from the controls. Leptin levels tended to be higher in males than in females, which is in agreement with other studies in rats (19) . Furthermore, in our study, a higher fat mass was observed in male rats, which reflects the higher leptin levels. We tried to find a correlation between BMI and body composition in the groups on the one hand and between leptin and body composition on the other hand. However, owing to the low number of animals in each group, it is difficult to draw a meaningful conclusion about this.
Although in our study we did not find differences in serum leptin levels between IUGR rats and controls, reproductive failure can still be observed in fasted animals despite adequate leptin levels (20 -22) . In addition, leptin treatment cannot overcome the suppression of sexual behavior in food-deprived female hamsters (22) , and in growth-retarded female rats mating behavior was often absent even after the start of normal cycles (23) . At VO we did not observe any sign of first estrous and ovulation in female IUGR rats, in contrast to control rats in which VO was accompanied by estrous and ovulation, shown by vaginal smears and morphologically by corpora lutea in the ovary (24) . These results suggest that sexual maturation has not yet been completed. FR male and female rats. Although weight was significantly lower in FR male rats compared with controls at onset of puberty, BMI was not different. However, measurements by DXA revealed a significantly lower total fat mass and percentage of fat tissue and a significantly higher percentage of lean tissue. In addition, leptin concentrations were significantly lower compared with controls. This indicates that at least at onset of puberty, BMI is not a good index for body fat mass in the male rat. A possible explanation could be that weight in the FR rats increases relatively more than length during sexual development after normal food supply has started. The low leptin levels and decreased measurements with respect to fat mass and percentage fat obtained by DXA suggest inadequate metabolic conditions in the FR rats, which might have consequences for sexual maturation. However, calculating leptin as concentration per gram fat mass revealed no differences between FR male rats and controls. This suggests that a normal amount of leptin is produced by a low number of adipocytes present in the FR rats. In the FR female rats, BMI as well as body weight was significantly decreased compared with controls. Total fat mass, percentage of fat tissue, and leptin concentrations were significantly decreased compared with control rats, whereas the percentage of lean tissue was significantly increased. These findings suggest that in the FR female rats at onset of puberty, the energy reserves are not adequate to meet the demands for mating and pregnancy. Just as in the FR male rat, calculating leptin as concentration per gram fat mass neutralized the significant difference between the FR female rats and the controls. This suggests that also in the female rat serum leptin concentrations are determined by the amount of fat mass. In addition, similar to the IUGR rats we did not observe estrous and ovulation at VO in the FR rats.
In summary, critical time periods exist around birth in the rat, in which food deprivation results in different effects later in life. In IUGR male as well as in IUGR female rats, the onset of puberty is delayed, but IUGR does not affect the physiologic relationship between body fat stores and leptin secretion. Early postnatal FR results in a delayed BPS whereas VO occurs on time. FR also leads to an impaired development of body composition and low leptin concentrations at onset of puberty, which may result in an impaired sexual maturation in male and female rats. We therefore conclude that the onset of puberty in the rat is not dependent on a certain percentage of body fat or a certain threshold of circulating levels of leptin.
